Previous studies have demonstrated that low shear rates promote leukocyte adherence to microvascular endothelium in postcapillary venules. The objective of this study was to determine whether an accumulation of inflammatory mediators such as platelet activating factor and leukotriene B4 is responsible for shear rate-dependent leukocyte-endothelial cell adhesion. Postcapillary venules (25) (26) (27)(28)(29)(30)(31)(32)(33)(34)(35)(36)(37)(38)(39) ,m in diameter) in cat mesentery were studied by intravital microscopy. Venular wall shear rate was varied over a wide range by graded occlusion of the mesenteric artery. Red blood cell velocity, vessel diameter, leukocyte rolling velocity, and the numbers of rolling and adherent leukocytes were measured at each shear rate. In one series of experiments, shear rate-dependent leukocyte adherence was monitored at different superfusion rates (1.0 and 2.5 ml/min). At the lower superfusion rate, the number of adherent leukocytes was significantly higher at any given shear rate when compared with results obtained at the higher superfusion rate. This suggests that reduced washout of inflammatory mediators contributes to shear rate-dependent leukocyte adhesion. Pretreatment with different platelet activating factor receptor antagonists (WEB 2086 or WEB 2170) had no effect on the number of adherent leukocytes normally observed at lower shear rates, suggesting that platelet activating factor does not play a major role in this process. However, shear rate-dependent leukocyte adhesion was largely prevented by pretreatment with either a leukotriene B4 receptor antagonist (SC-41930) or a leukotriene synthesis inhibitor (L663,536). The results of this study indicate that a reduced washout of leukotriene B4 is responsible for the enhanced leukocyte adherence that occurs at low venular wall shear rates. (Circulation Research 1992;71:906-911) KEY WORDS * platelet activating factor * microvascular endothelium * intestinal ischemia inflammatory mediators A lthough it has been known for over a century that leukocyte adhesion in postcapillary venules is an early and important component of the inflammatory process,1 only in recent years has this essential interaction between leukocytes and endothelium captured the interest of a large number of investigators. This renewed interest in leukocyte-endothelial cell interactions has led to the recognition that leukocyte adhesion in venules is a well-controlled physiological phenomenon that is influenced by both physical and chemical forces acting on cell (leukocyte and endothelium) surfaces. Physiological factors that appear to make a significant contribution to leukocyte-endothelial cell adhesion during inflammation include 1) adhesion molecules expressed on the surface of activated neutrophils and/or endothelial cells,2 2) reactive oxygen metabolites and granule-associated proteins released by activated neutrophils,3 and 3) electrostatic charge interactions between the neutrophil and endothelial cell surfaces.4 There is a growing body of evidence indicating that hydrodynamic dispersal forces (e.g., wall shear stress) generated within the microcirculation also exert [PAF]), which are normally produced by endothelial and/or parenchymal cells. The resultant accumulation of inflammatory mediators would then lead to activation/ upregulation of CD11/CD18 on neutrophils, thereby promoting leukocyte adherence. The principal objective of this study was to address the reduced washout hypothesis using two different approaches. One approach involved quantitation of shear rate-dependent leukocyte adhesion at different mesenteric superfusion rates, which represents an attempt to alter the washout of inflammatory mediators independent of tissue blood flow. The second approach involved the use of specific compounds that either antagonize or inhibit the biosyn-
lthough it has been known for over a century that leukocyte adhesion in postcapillary venules is an early and important component of the inflammatory process,1 only in recent years has this essential interaction between leukocytes and endothelium captured the interest of a large number of investigators. This renewed interest in leukocyte-endothelial cell interactions has led to the recognition that leukocyte adhesion in venules is a well-controlled physiological phenomenon that is influenced by both physical and chemical forces acting on cell (leukocyte and endothelium) surfaces. Physiological factors that appear to make a significant contribution to leukocyte-endothelial cell adhesion during inflammation include 1) adhesion molecules expressed on the surface of activated neutrophils and/or endothelial cells,2 2) reactive oxygen metabolites and granule-associated proteins released by activated neutrophils,3 and 3) electrostatic charge interactions between the neutrophil and endothelial cell surfaces. 4 There is a growing body of evidence indicating that hydrodynamic dispersal forces (e.g., wall shear stress) generated within the microcirculation also exert a significant influence on leukocyte-endothelial cell adhesion.5 Indeed, it has been demonstrated that reductions in shear rate result in a progressive recruitment of adherent leukocytes in venules but not in arterioles. 6 This shear rate-dependent leukocyte adhesion in postcapillary venules appears to be mediated by the leukocyte adhesion glycoprotein CD11/CD18, since monoclonal antibodies directed against the glycoprotein inhibit the adhesion. 6 Although the dependence of leukocyte adhesion on shear rate has been demonstrated both in vivo67 and in vitro,5 the mechanisms underlying this phenomenon remain undefined. One possible explanation for shear rate-dependent leukocyte adhesion is that as venular blood flow is reduced, there is a concomitant reduction in the washout of inflammatory mediators (e.g., leukotriene B4 [LTB4] An intravital microscope (Ortholux II, E. Leitz, Inc., Rockleigh, N.J.) with a x40 objective lens (Leitz Wetzlar L20/0.32, Midland, Ontario) and a x 10 eyepiece was used to observe the mesenteric microcirculation. The mesentery was transilluminated with a 12-V 100-W direct current-stabilized light source. A video camera (model VK-C150, Hitachi, Japan) mounted on the microscope projected the image onto a color monitor (model PVM-2030, Sony, Japan), and the images were recorded using a videocassette recorder (model NV8950, Panasonic, Japan). A video time and date generator (model WJ810, Panasonic) projected the time, date, and stopwatch function onto the monitor.
Single unbranched venules with diameters ranging between 25 and 39 ,um and a length >150 ,um were selected for study. Venular diameter was measured either on-or off-line using a video image-shearing monitor (IPM, Inc., La Mesa, Calif.). The number of adherent leukocytes was determined off-line during playback of videotaped images. A leukocyte was considered to be adherent to the venular endothelium if it remained stationary for .30 seconds." Adherent cells were expressed as the number per 100-,um length of venule. Rolling leukocytes were defined as those white blood cells that moved at a velocity less than that of erythrocytes in the same stream. Leukocyte rolling velocity was determined from the time required for a leukocyte to traverse a given distance along the length of the venule. 
Experimental Protocols
After all parameters measured on-line (arterial pressure, erythrocyte velocity, and venular diameter) were in a steady state, images from the mesenteric preparation were recorded on videotape. Venular blood flow was maintained at each steady state for 2 minutes. For the superfusion rate studies (n=5), the number of adherent leukocytes was quantitated at two different superfusion rates (1.0 and 2.5 ml/min). Stepwise reductions in blood flow were made by graded occlusion of the arterial circuit. In another group of animals (n=5), the oxygen tension of the superfusion buffer was maintained at either 40 mm Hg or allowed to equilibrate with the atmosphere (ambient P02). In these experiments, the superfusion rate was held constant at 2.5 ml/min. 14 hours before the study.16 L663,536 blocks the translocation of 5-lipoxygenase from the cytosol to the plasma membrane, an important step in the metabolism of arachidonate and the biosynthesis of leukotrienes.16 '7 The dose of L663,536 used in this study has been previously shown to completely inhibit leukotriene synthesis in the feline intestine.18
Statistics
The data were analyzed using standard statistical analyses, i.e., analysis of variance and Student's t test. All values are reported as mean±SEM. Statistical significance was set at p<0.05. Figure 1 illustrates the effect of reducing the mesenteric superfusion rate on shear rate-dependent leukocyte adherence. At a baseline superfusion rate of 2.5 ml/min, reductions in venular shear rate were associated with a progressive increase in the number of adherent leukocytes in postcapillary venules. Lowering the mesenteric superfusion rate to 1.0 ml/min resulted in an increase in the number of adherent leukocytes at ) ft 6 
Results

Alterations in Superfusion Rate
Role of Inflammatory Mediators
The effects of two PAF receptor antagonists (WEB 2170 or WEB 2086) on shear rate-dependent leukocyte adhesion are illustrated in Figure 2 . The results indicate that neither antagonist significantly reduced the number of adherent leukocytes normally observed at low shear rates. The PAF receptor antagonists also did not influence the responses of rolling leukocytes to reductions in venular shear rate (data not shown). Figure 3 summarizes the results obtained in animals treated with either SC-41930 or L663,536. Both agents significantly attenuated the recruitment of adherent leukocytes normally observed at low shear rates. Although the number of rolling leukocytes also increased as venular shear rate was reduced (Figure 4) , this response was not altered by either SC-41930 or L663,536. A similar pattern was observed when the leukocyte rolling velocity/erythrocyte velocity ratio (Vwbc/Vrbc) was plotted as a function of shear rate ( Figure 5) ; however, in this instance L663,536 significantly attenuated the rise in Vwbc/Vrbc but only at the lowest shear rate.
The effects of reducing shear rate on the total number of leukocytes that exhibit an adhesive interaction (adherent and rolling leukocytes) with venular endothelium are illustrated in Figure 6 . As would be predicted from Figures 3 and 4 , the sum of rolling and adherent leukocytes progressively increased as shear rate was reduced; however, this response largely reflects a recruitment of adherent rather than rolling leukocytes. SC-41930 and L663,536 significantly attenuated the recruitment of leukocytes observed at low shear rates, which reflects the influence of both drugs on adherent rather than rolling leukocytes. Discussion The dependence of leukocyte-endothelial cell adhesion on shear rate has been demonstrated in microvessels6,7 as well as on endothelial cell monolayers.5 Results derived from in vivo studies indicate that shear ratedependent leukocyte adherence is confined to the venular segment of the microcirculation6,7 and that it involves an adhesive interaction that is generated by the leukocyte adhesion glycoprotein CD1 1/CD18.6 Although the biochemical and cellular mechanisms underlying this phenomenon have not been clearly defined, the available data are consistent with two possible mechanisms, which are summarized in Figure 7 . One possible explanation for shear rate-dependent leukocyte adhesion is that as venular blood flow is reduced, there is a concomitant reduction in the washout of inflammatory mediators (e.g., LTB4 or PAF), which are normally produced by endothelial and/or parenchymal cells. The resultant accumulation of inflammatory mediators would then lead to activation/upregulation of CD11/CD18 on neutrophils, thereby promoting leukocyte adherence. An inherent assumption in this scheme is that CD11/CD18 is either activated or mobilized to the cell surface in order for leukocyte adhesion to occur. However, it is also conceivable that shear rate-dependent leukocyte adhesion does not require either an Shear Rate (sec ) adherence. The present study was designed to address the possibility that an accumulation of inflammatory mediators contributes to shear rate-dependent leukocyte adherence. The results of this study provide two lines of evidence that support the reduced inflammatory mediator washout theory. First, we observed that shear rate-dependent leukocyte adherence was exacerbated in mesenteric preparations exposed to a reduced superfusion rate. The lower mesenteric superfusion rate should result in a greater accumulation of inflammatory mediator for any given level of blood flow within the tissue, thereby leading to a higher level of leukocyte adherence at each shear rate. Second, we were able to demonstrate that either inhibiting the production of an inflammatory mediator or interfering with the ability of the mediator to bind to its specific receptor leads to significant attenuation of shear rate-dependent leukocyte adherence.
We assessed the contributions of both PAF and LTB4 to shear rate-dependent leukocyte adherence because both inflammatory mediators 1) have been shown to accumulate in intestinal preparations exposed to ischemia and reperfusion, 8,18,20 2) LTB4 receptor antagonists and inhibitors of leukotriene synthesis have previously been shown to greatly attenuate the neutrophil infiltration elicited by reperfusion of ischemic tissues.18 These agents also attenuate the leukocyte adherence observed in postcapillary venules after ischemia/reperfusion.18 Our results indicate that LTB4 also plays a role in mediating the leukocyte adherence observed in postcapillary venules exposed to low shear rates. The magnitude of the adherence responses observed in animals treated with either SC-41930 (LTB4 receptor antagonist) or L663,536 (leukotriene synthesis inhibitor) suggests that LTB4 plays a dominant role in mediating shear ratedependent leukocyte adherence. Nonetheless, it is conceivable that other biologically active eicosanoids could interact with the LTB4 receptor on leukocytes. Furthermore, the leukotriene synthesis inhibitor could also inhibit lipoxin synthesis and leukotriene C4 and D4 formation, each of which could modulate the leukocyteendothelial cell adhesive interactions elicited by low shear rates.
It is interesting to note that although SC-41930 and L663,536 had a profound inhibitory effect on the strong adhesive interaction that is manifested as adherence (leukocytes remain stationary), the number and velocity of rolling leukocytes (a weaker adhesive interaction) were largely unaffected. This observation suggests that the recruitment of rolling leukocytes induced by low shear rates is mediated by an LTB4-independent mechanism. This contention is consistent with a growing body of evidence indicating that the selectins (e.g., L-selectin and P-selectin) play a more important role in mediating leukocyte rolling than the 132 integrins (e.g., CD11/ CD18). 22 Although our data clearly implicate LTB4 as a mediator of shear rate-dependent adhesion, the source of the LTB4 remains unclear. There is evidence suggesting that alterations in shear rate affect endothelial cell metabolism as well as the production of endothelial cell-derived agents that are known to affect leukocyte adhesion. Since an increased endothelial cell production of prostacyclin (prostaglandin 12) is noted at elevated shear rates,23,24 it is conceivable that low shear rates favor the metabolism of arachidonic acid via the lipoxygenase, rather than the cyclooxygenase, pathway, thereby generating higher levels of LTB4. However, there is some uncertainty concerning the ability of vascular endothelium to synthesize LTB4.2526 Although there are some reports that describe LTB4 production by cultured vascular endothelium, the amount of LTB4 produced is quite small (< 10% of the capacity to produce prostaglandin 12).26 Inasmuch as neutrophils are known to produce larger quantities of LTB4, it is possible that the increased number of rolling leukocytes (that are recruited via an LTB4-independent mechanism) observed at low shear rates is the dominant source of LTB4 that ultimately leads to leukocyte adherence. Such a self-amplifying system could explain the recruitment of both rolling and adherent leukocytes at low venular shear rates.
In conclusion, the results of this study indicate that reductions in venular shear rate lead to the recruitment shear rates (Figure 2 ). This observation suggests that an of rolling and adherent leukocytes in postcapillary venules. This phenomenon may explain at least part of the granulocyte recruitment that has been observed in a number of ischemic tissues. Our results indicate that an accumulation of LTB4, but not PAF, elicits the leukocyte adhesion associated with reduced venular blood flows and shear rates. Further work is needed to identify the cellular and molecular mechanisms that lead to LTB4-mediated shear rate-dependent leukocyte adherence in postcapillary venules.
